ABSTRACT: We present a fluorogenic method to visualize misfolding and aggregation of a specific proteinof-interest in live cells using structurally modulated fluorescent protein chromophores. Combining photophysical analysis, X-ray crystallography, and theoretical calculation, we show that fluorescence is triggered by inhibition of twisted-intramolecular charge transfer of these fluorophores in the rigid microenvironment of viscous solvent or protein aggregates. Bioorthogonal conjugation of the fluorophore to Halo-tag fused protein-of-interests allows for fluorogenic detection of both misfolded and aggregated species in live cells. Unlike other methods, our method is capable of detecting previously invisible misfolded soluble proteins. This work provides the first application of fluorescent protein chromophores to detect protein conformational collapse in live cells. F luorescent proteins (FPs) have been widely used as genetic tags to provide spatial and temporal information on a protein-of-interest (POI) in live organisms.
F luorescent proteins (FPs) have been widely used as genetic tags to provide spatial and temporal information on a protein-of-interest (POI) in live organisms. 1 Since the discovery of GFP, it has been evolved to facilitate various biological applications. 2 Variations of the GFP chromophore, 4-hydroxybenzylidene-imidazolinone (HBI, Figure 1 ), have expanded FPs with diverse photophysical properties, including spectral range, quantum yield, photostability, and photoswitchability. 3 These chromophores, however, become mostly nonfluorescent when synthesized outside their protein cavity, largely due to rapid nonradiative decay via twisted-intramolecular charge transfer (TICT) (Figure 1) . 4 Although such behavior undermines the application of FP analogues, both chemical and biological restriction of TICT restores fluorescence of synthetic FP chromophores. 4 For instance, fluorophores have been developed to inhibit TICT of FP chromophores by structural modifications. 3 In addition, FP analogues locked in supra-molecular hosts, 4b metal−organic frameworks, 5 aggregated solids 6 and host proteins 7 have been reported to fluoresce strongly. In biological imaging, HBI analogues have been used to visualize RNA aptamers and DNA quadruplex. 8 However, their application to detect other biological processes is rarely reported in live cells.
Herein, we report the first application of a FP chromophore to visualize protein misfolding and aggregation, using turn-on fluorescence, both in test tube and in live cells. Environmental stresses and pathogenic mutations of proteins lead to aberrant misfolding and aggregation, causing neurodegenerative disease, including Alzheimer's disease, Parkinson's disease, Huntington's disease, familial amyloidosis, and amyotrophic lateral sclerosis (ALS). 9 Protein aggregation initiates from assembly of misfolded soluble oligomers that progress into insoluble aggregates. Both oligomers and aggregates involve enhanced rigidity within the local microenvironment.
9b Thus, we attempted to sensitize FP chromophores, whose TICT can be inhibited in the rigid environment within protein aggregates, to turn on fluorescence (Figure 1) .
We pursue this goal by structural variation of FP chromophores. Because the local pH inside misfolded and aggregated proteins is hardly basic enough to deprotonate phenol (pK a = 8−10) in probe 1 containing HBI (Figure 2a) , we substituted the phenol in HBI with an electron donating dimethylamino group, affording 2 ( Figure 2a, in green) . 10 Both 1 and 2 exhibited elevated fluorescence in solvents containing increasing concentrations of glycerol ( Figures S1a,b , S2a,b, S3a,b, S4−6, and Note S1), which mimics the microenvironment in protein aggregates to inhibit TICT. However, the quantum yield (QY, Φ = 0.001 for 1 and Φ = 0.027 for 2 in glycerol, Table  S1 ) was much lower than that of a GFP (Φ = 0.79).
1b Next, we extended π conjugation to both increase QY and restrict bond rotation, rendering 3, a compound similar to the chromophore in photoconvertible Kaede protein (Figure 2a, in red) Figure 2b ; spectra shown in Figures S1c, S2c, S3c, S4, and S7; photophysical properties shown in Table S1 ).
Interestingly, crystals of 3 exhibited fluorescence, suggesting its aggregation induced emission (AIE) feature (Figures 2c and S11a). 12 The fluorescence may arise from the tight crystal packing that inhibits TICT of 3 ( Figure S11b ). In the fluorescent crystal, 3 adopted a near-planar structure (Figure 2d) . A timedependent density functional theory calculation based on this structure (Figure S12a−c) showed that one dimethylamino benzyl played a major role in donating electrons at the S1 excited state (position A in Figure S12d ). Compound 3a, without electron-donating capacity at position A, was still fluorescent ( Figure S8 and Table S1 ) but with a diminished quantum yield by ∼50%; whereas 3b, without electron-donating capacity at position B, does not affect quantum yield ( Figure S9 and Table  S1 ). The absorptivity of both 3a and 3b was reduced (Table S1 and Figure S4 ), yielding ∼5-fold decrease in its brightness ( Figure 2b and Table S1 ). Collectively, these data reveal the chemical modulations necessary to sensitize the FP chromophores toward rigid environments that mimic protein aggregates.
To ask whether 3 detects protein aggregation via fluorescence increase (Figure 3a) , we chose α-synuclein (α-syn), whose aggregation is associated with Parkinson's disease. 13 In the presence of 3, aggregation of α-syn into fibers ( Figure S13a ) induced fluorogenic signal ( Figure S13b and Note S2) analogous to Thioflavin T (ThT), a probe that detects fibers ( Figure  S13c ). 14 We next used 3 to monitor kinetics of α-syn aggregation. Purified α-syn aggregates via a three-step process: formation of soluble oligomers, growth of amyloid fibers, and maturation of fibers (Figure 3b ). Although ThT detects growth and maturation of fibers, it fails to detect soluble oligomers that are increasingly speculated to be the toxic species (black curve in Figure 3b ). By contrast, fluorescence of 3 started to increase at 4 h (red curve in Figure 3b ). At this time point, formation of soluble oligomers was evidenced by a chemical cross-linking experiment ( Figure  S14a,b) . Furthermore, a second phase of fluorescence increase was observed at 20 h and leveled off at 36 h (red curve in Figure   3b ). These signal changes coincided with the time points of fiber growth and maturation as observed by ThT (black curve of Figure 3b ). Thus, these data strongly indicate that 3 can detect multiple stages of protein aggregation.
In addition to α-synuclein, we also demonstrated that 3 could detect aggregates formed by globular proteins, by using mutant superoxide dismutase 1 (SOD1), whose aggregation is commonly found in ALS disease. 15 We chose the recently discovered SOD1(V31A) mutant. 16 After 20 min of incubation at 59°C, we observed an 8-to 10-fold fluorescence intensity increase (Φ from 0.026 to 0.22 in Table S1 ; Figures 3c and S15a) using a wide concentration range of 3 ( Figure S15b ). The fluorescence signal was found in the insoluble fraction and proportional to the amount of protein aggregates ( Figures S15a,c and Note S3), confirming the physical association between 3 and SOD1 aggregates. In addition, we found the kinetics of fluorescence increase from 3 was faster than that of turbidity, whose signal originates from insoluble protein aggregates ( Figure  3d ). These data further suggest that 3 could potentially detect both misfolded soluble proteins and insoluble aggregates.
It is desirable to use turn-on fluorescence to monitor aggregation of a protein-of-interest (POI) in live cells. To this end, we genetically fused Halo-Tag 17 to the POI and synthesized 4 for bioorthogonal conjugation (Figure 4a , hereafter termed as AggTag method). Using the AggTag method, we expect that the fluorophore remains dark when POI is folded. Aggregation of POI, however, would bury the fluorophore in protein aggregates to restrict its rotation and activate fluorescence (Figure 4a ). 4 bears two hydroxyl groups for improved solubility and a warhead for bioconjugation to Halo-Tag (Figure 4b ). The fluorescent properties of 4 were identical to 3 (Figures S1f, S2f, S3f, S4, and S10) and exhibited lower fluorescent signals than typical solvatochromic fluorophores (e.g., SBD) and molecular rotor fluorophores (e.g., CCVJ), when incubated with proteins harboring hydrophobic surfaces and lipid mimics ( Figure S16 ).
We tested whether 4 is fluorogenic upon protein aggregation in live cells, using the Huntingtin exon 1 protein (Htt) with 97 polyglutamine repeat that severely aggregates.
18 Using conventional nonfluorogenic methods, we observed aggregation of Htt-Q97 by the appearance of puncta with a fluorescent background ( Figure S17 and Note S4). 19 The AggTag method, however, yielded a dark fluorescence in cells expressing Htt-Q0-Halo labeled by 4 (Figure 4c ). The dark background was not caused by the lack of protein expression, as indicated by a dual-probe labeling experiment using 4 and an always-fluorescent coumarin ligand ( Figure S18a−c) . The turn-on fluorescence from 4 was observed as puncta without any background fluorescence when Htt-Q97-Halo was expressed (Figures 4c and S18d) . This fluorescence was not due to nonspecific binding of 4 in cells, because HEK293T cells coexpressing Htt-Q97-GFP and HaloTag or just expressing Htt-Q97 showed no fluorescence of 4 ( Figure S19 ). In accordance to these observations, fractionation of the lysate indicated that the fluorescence of Htt-Q97-Halo primarily originated from the insoluble fraction (Figures 4d and  S20) . When an intermediate poly glutamine Htt-Q46-Halo was expressed in HEK293T cells for 48 h, we visualized cytosolic diffusive fluorescence (Figure S21a We further demonstrated that the AggTag method could visualize previously invisible misfolded soluble proteins in live cells. To this end, we chose the SOD1(V31A) mutant that is associated with a slow disease progression. 16 We expressed and labeled SOD1(V31A)-Halo fusion protein simultaneously with the coumarin ligand and 4 in HEK293T cells. Using the coumarin fluorescence, we found that SOD1(V31A) was primarily located in the cytosol and the oxidative stressor NaAsO 2 induced partial translocation of SOD1(V31A) to the nucleus. 20 While the coumarin fluorescence remained diffuse before and after stress (left panel, Figure 5a ), 4 only exhibited both diffuse and punctate fluorescent structures in stressed cells (middle panel, Figure 5a ; and Figure S22 ). This turn-on fluorescence was not due to either aggregation of or nonspecific binding to the Halo·4 conjugate, as it remained dark in stressed cells ( Figure S23 ). By contrast to V31A, the wild-type SOD1 exhibited less aggregation propensity and remained largely folded (dark fluorescence from the SOD1-Halo·4 conjugate) in NaAsO 2 -stressed cells ( Figure S24 ). Whereas, another SOD1 mutant G85R behaved similarly to V31A ( Figure S25 ). The punctate fluorescence could be rationalized by a fractionation experiment, wherein more aggregates of SOD1(V31A) were found in cells treated with NaAsO 2 (Figures 5b and S26) . The diffusive fluorescence of 4 was found to arise from misfolded soluble proteins, as demonstrated by several lines of evidence. First, we found that fluorescence of the SOD1(V31A)-Halo·4 conjugate increased in the absence of insoluble protein aggregates ( Figure S27a) . The Halo·4 conjugate, as a control, remained nonfluorescent under all heat conditions ( Figure  S27a,b) . Second, the kinetics of fluorescence increase was much faster than that of turbidity ( Figure S28a) . Third, the kinetics of fluorescence coincided with that of protein misfolding ( Figure  S28b ). Finally, a chemical cross-linking experiment identified misfolded oligomers as higher molecular weight species, only in NaAsO 2 stressed cells ( Figure S29 ).
In summary, we have demonstrated for the first time that analogues of the FP chromophores can fluoresce in protein aggregates. Our structural variation, crystal structure, and theoretical calculations together revealed key features that are essential toward an effective detection. Different from previous nonfluorogenic methods, the fluorogenic method in this work can visualize both misfolded soluble proteins and insoluble aggregates in intact live cells. Such fluorogenic detection can be achieved via chemical modulation of fluorophores with molecular rotor and AIE properties, providing new applications for this large family of molecules. 12, 21 The unique fluorogenicity of this class of probes, combined with the AggTag method, make them generally applicable to a wide range of proteins whose aggregation is associated with diseases and suited to potentiate screening platforms to explore therapeutics that can ameliorate aggregation of these pathogenic proteins. 
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